The first spatial observation of a Bose condensate is reported. The separation between condensed and normal components was observed inside a magnetic trap using dispersive light scattering. This technique is non-destructive, and about a hundred images of the same condensate can be taken. Furthermore, the width of the angular distribution of scattered light increased suddenly at the phase transition.
In atom traps, the condensation phenomenon results in the formation of a dense core of atoms in the ground state of the system surrounded by the normal component -analogous to droplet formation in a saturated vapor. Earlier attempts in our laboratory to observe the Bose condensate directly by absorption imaging failed because of the high optical density of the atom cloud near the critical temperature. For typical parameters of our experiment (see below) the peak optical density (D 0 ) for resonant light is around 300, corresponding to a transmission coefficient of e −300 . Thus the probe light is completely absorbed even in the wings of the spatial distribution, preventing direct imaging of the condensate. Detuning of 2 the light, which reduces the absorption, reveals major image distortions due to dispersive effects: the condensate acts as a lens and strongly deflects the light. However, by employing the so-called "dark-ground" imaging technique (see [14] and below) the dispersively scattered light can be used to clearly image the condensate, as we demonstrate in this paper.
Let us briefly summarize why dispersive imaging has significant advantages over ab- This argument can also be understood by considering the small dense cloud to be a lens.
A sphere of radius R and index of refraction n acts as a lens having focal length f with 1/f = 2(n − 1)/R [14] . The phase shift δ through the center of the lens is δ = 4πR(n − 1)/λ, yielding f = 2πR 2 /δλ, and the maximum deflection angle θ for the light is approximately
If the phase shift δ exceeds π/2, there will be deflection of light due to refraction which exceeds the scattering angle λ/4R due to diffraction. As long as the imaging system collects and images the refracted light, quantitative absorption imaging is possible. However, the radius R of the smallest object which can be resolved is usually determined by the collection angle α of the optics to be R = λ/2α. Additional refraction by the object will scatter light out of the optical system and impede absorption measurements.
Therefore, dispersive refraction limits the use of absorption imaging to objects ≈ 2δ/π times larger than the diffraction-limited value of R = λ/2α.
Dispersive scattering is the coherent forward scattering of light. In a homogeneous medium, the scattered light interferes constructively only in the direction collinear with the incident light. The interference with the transmitted beam results in a phase shift and is described by the usual theory for the index of refraction [14] . In contrast, for an inhomogeneous medium of extension 2R, such as a trapped cloud of atoms, the coherently scattered light interferes constructively in an angular region λ/2R. The scattered light can be separated from the incident light in the Fourier transform plane of the imaging system.
The incident beam comes to a focus there, and can be blocked by a small opaque object.
This "dark-ground" method is common in microscopy and is related to "Schlieren" and "phase contrast" methods [14] . In all these methods the image is modified in the Fourier plane, enhancing the contrast or the sensitivity for phase objects.
In our experiment, sodium atoms are cooled down to Bose-Einstein condensation using a combination of laser cooling, magneto-optic trapping, magnetic trapping and evaporative cooling. The atom cloud is confined in a novel magnetic trap which uses "cloverleaf" coils to generate the inhomogeneous magnetic field [15] . Near the bottom of the trap, the trapping potential is harmonic and axially symmetric, with independently adjustable axial and radial confinement. Evaporative cooling is controlled by continuously reducing the frequency of rf radiation. The rf field induces spin-flips at a specific value of the magnetic field where the condition for electron spin resonance is met. Since the spin-flips reverse the sign of the magnetic force upon the atoms, the spin-flipped atoms are ejected from the trap [16, 17] ; in this way the rf determines an effective trap depth. The escape of the hottest atoms from the trap, in combination with rethermalization of the remaining atoms through elastic collisions, cools the sample (evaporative cooling) and leads to a temperature which is about 10% of the trap depth.
Typically, we reach the BEC phase transition with 1. To image the cloud using dispersive light scattering, the probe light is red-detuned by was imaged twice with a delay time of one second without an observable reduction in the signal. When the incident pulse energy of the probe light was increased to 2 µJ/cm 2 , the signal in the second image deteriorated. At this energy, 5 × 10 6 scattered photons were detected, which is sufficient to take 100 consecutive images of the same condensate. We estimate that under these conditions the probability for off-resonant absorption is about 4%, implying an energy transfer of around 100 nK per atom in the cloud. It is therefore likely that the limit to the probe pulse energy was set by residual absorption and can be further reduced by using larger probe-light detunings.
Very short probe pulses would provide good temporal resolution at the expense of suppressing the Mössbauer effect discussed earlier. For probe durations shorter than the oscillation time, the atoms should behave as free particles and receive recoil kicks of 0.5 nK per forward scattered photon. For our conditions, this energy is negligible compared to the heating due to residual absorption. In agreement with this, no difference in the maximum non-destructive probe pulse energy was observed when the pulse duration was varied between 2 and 200 ms. The shortest exposure time was comparable to the radial oscillation period (3 ms). Shorter pulses with the same energy could not be applied due to limitations in probe power, but are possible and would give even better temporal resolution.
The ability to take several non-destructive images will be very useful for the study of (Fig. 4) . The angular scattering pattern of the condensate has an rms width of ≈ 20 mrad. This is in agreement with the size and shape of the condensate as calculated using the nonlinear Schrödinger equation and the Thomas-Fermi approximation [20] .
The results presented here demonstrate convincingly that dispersive light scattering is an important method to study BEC. Although we have emphasized qualitative aspects in the present study, quantitative measurements are possible because the signal in dispersive imaging depends only on the phase shift δ; the phase shift is an absolute measure of the line-of-sight integrated atomic density. For small phase shifts, which are obtained at large detunings, the fraction of scattered light in dark-ground imaging is δ 2 . A signal linear in δ can be obtained by implementing the phase contrast method.
The work reported in this paper is the starting point for a systematic study of the optical properties of a Bose condensate [21] . The current study was performed with 1.71 GHz detuned light, generated with an acousto-optical modulator. Additional measurements at 100 MHz detuning showed several fringes in dark ground images, due to phase shifts δ > 2π.
We are currently setting up an independent dye laser to characterize the optical properties of the condensate starting from very large detunings. It has been predicted that the linewidth of a Bose condensate shows superradiant broadening [22] . On the other hand, the dispersive signal at far detuning is independent of the linewidth and therefore particularly suited for quantitative measurements. Quantum-statistical effects on the index of refraction have been calculated [23] , but are only noticeable near the phase transition, and vanish at T=0.
We have presented dispersive light scattering as a non-destructive method. Strictly speaking, however, quantum mechanics does not allow non-perturbative measurements. Although dispersive scattering does not heat up the cloud and destroy the condensate, it will change its phase due to frequency shifts by the ac Stark effect. This should still allow a quantum non-demolition measurement of the number of condensed atoms, and would be the inverse situation compared to related measurements in microwave cavities where the photon number is determined from the phase shift of Rydberg atoms passing through the cavity [24] .
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